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realized.  The  impulsive  loading  signal  has  a  broad  frequency  spectrum  containing 

frequencies  greater  than  0.5  MHz.  _ 
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measured.  The  resulting  speeds  of  wave  propagation  along  members  of  the  lattice  are 
measured  to  range  from  4.53  km/s  (14,800  ft/s)  to  5.18  km/s  (17,000  ft/s).  It  is 
indicated  that  the  measured  wave  speed  is  between  the  longitudinal  wave  speed  and 
the  flexural  wave  speed. 

The  frequency  spectra  of  the  output  signals  are  also  obtained.  It  is  observed 
that  the  frequency  at  the  maximum  amplitude  of  the  output  spectrum  generally  occurs 
between  353  kHz  and  450  kHz.  It  is  also  observed  that,  beyond  the  first  five  bays, 
the  maximum  amplitude  of  the  output  spectrum  decreases  logarithmically  with  the 
number  of  bays  that  the  output  is  located  away  from  the  input,  regardless  of  the 
incut  location  on  the  structure.  Thus,  an  attenuation  of  the  maximum  amplitude 
of  the  output  spectrum  can  be  defined  for  LSS  based  on  the  number  of  lattice  bays. 
This  attenuation  parameter  may  be  convenient  for  the  design  of  LSS  because  it  is 
based  on  a  natural  unit  of  the  LSS,  namely,  the  lattice  bay.  For  the  planar  lattice 
considered,  this  attenuation  is  found  to  be  0.085  neper  per  bay. 

Furthermore,  reciprocity  between  input  and  output  is  observed  experimentally, 

^  •  in  both  the  time  domain  and  the  frequency  domain.  The  development  of  quantitative 

measures  of  reciprocity  is  recommended. 

This  experimental  study  also  demonstrates  that  wave  propagation  characteristics 
of  a  lattice  structure  can  be  obtained.  In  particular,  the  wave  speed,  the  frequency 
at  the  maximum  amplitude  of  the  output  spectrum,  and  the  attenuation  of  the  maximum 
amplitude  of  the  output  spectrum  per  lattice  bay  traversed  appear  to  be  useful 
parameters  in  the  characterization  of  wave  propagation  properties  of  LSS.  Further 
study  should  investigate  the  effects  of  boundaries,  lattice  member  connectivities, 
and  structural  defects  on  these  parameters.  Perhaps,  statistical  energy  analysis 
or  pattern  recognition  techniques  would  also  be  of  benefit  in  such  efforts. 
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Figure 

1  Gecce-try  of  22-tay  lattice  structure  (dimensions 

in  cm )  . 

2  Schematic  of  experimental  system  for  measuring 

wave  speed  and  frequency  spectrum  of  22-bay 
lattice,  showing  typical  locations  of  transmitting 
ana  receiving  transaucers  ..  .  . 

3  Schematic  illustrating  locations  A  through  V.  or 

lattice  structure  .  .  . 

4  (e)  Time  trace  and  (b)  frequency  spectrum  of 

output  from  receiving  trsr.saucer  when  transmitting 
end  receiving  transducers  are  coupled  together 
directly  (face- to- face)  with cut  any  structural 
specimen.  .  .  .  .  . 

5  Logarithm  (base  10)  of  maximum  amplitude  (mV)  cf 

output  spectrum  versus  number  cf  bay  widths  that 
output  is  located  from  input  for  various  input 
locations  . 
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Large  space  structures  (LS£)  are  periodic  lattice  structures 
beinc  considered  lor  use  ir  orbitin0  space  stations,  space 
communication  antennas  anc  space  platforms  [l].  Tne  proposed 
application  of  LLS  in  geocentric  orbit  requires  structures  cf 
outstanding  performance  anc  integrity  under  extreme  or  hostile 
environmental  conditions.  Lave  propagation  characteristics  cf 
LLS  aiiect  their  performance,  integrity  and  the  ability  to 
noncestructively  assess  their  integrity  ir.  service. 

Lave  propagation  characteristics  of  an  aluminum  22- be  y 
planar  .Lattice  structure [2-4]  are  measured  experimentally  in 
this  study.  'luo  ultrasonic  piezocerar.ic  longitudinal  transducers 
are  mountec  at  various  locations  on  the  structure.  Wave 
measurements  are  obtair.ee  by  injecting  an  impulsive  load  via  the 
transmitting  transducer  and  recoroing  the  response  via  the 
receiving  transcucer.  The  waves  injected  into  the  structure  are 
generated  as  longitudinal  waves,  transverse  to  the  surface. 

Ir.  the  lattice  considered,  waves  propagate  through  "T"  and 
"L"  joints  into  various  members  of  the  structure.  The  resulting 
speeds  of  wave  propagation  along  members  of  the  lattice  ere 
measurec.  The  frequency  spectra  of  output  signals  at  various 
locetior.s  due  to  ir.put  excitations  at  various  locations  on  the 
lattice  are  measured  also.  The  wave  speed  and  tie  frequency 
spectrum  should  he  useful  in  the  characterization  cf  wave 
p  rcpa*a  tior.  properties  of  LSf  . 


Lattice,  gegeetry  ,  exflf:  i ee i. t a l  eqi. ifkei.t  a :: p  fxfi  rihzetal 

PFGCEjJlihiS 

Lattice  iie.cetrj 

fig.  1  shows  tne  geometry  of  the  22-bay  j  lar.ar  lattice 
structure  cor.aiderec  in  this  study  ar.d  in  other  studies  [2-4]. 
The  structure  has  twer.ty-two  repeating  substructures  (bays). 
The.  22-ba}  planar  lattice  is  machined  from  a  single  piece  cf 
C.S53  err  (C.375  ir. )  thick  6061-T6  aluminum  plate.  Thus,  the 
structure  contains  no  welor  or  fasteners  in  its  construction. 

Experimental  Equip  mer.t 

*  schematic  cf  the  wave  measurement  system  is  shov.n  ir.  Fig. 
2.  ire  system  consists  of  a  broadband  ultrasonic  pulser-rec ■ ive r 
(Funam.c  tries  r.,ccel  5  G  5  2  F  E  )  to  generate  and  receive  electrical 
pulses  up  tc  30  Lhz;  2.54  cm  (l  ir. )  diameter  (1.91  cm  (0.75  in) 
ciemeter  piezcceracic  element)  broadband  (0.1  to  3.0  KHz) 
transmitting  and  receiving  longitudinal  transcucers  (Fan  nstricr 
model  V1C5)  having  an  approximately  flet  sensitivity  of  -65  or 
(reiative  tc  1  V/  Ear)  and  weighing  0.082  kgf  (  0 . 1  £  lfcf )  eacr. ;  a 
transducer  specimen  interlace  ccuplant  (Acoustic  Emission 
i  =  chr.cloty  model  SC-6);  26.7  I.  (6  lti)  constant-force  springs 

(Acoustic  Emission  Technology  model  CFC-6.C)  to  secure  the 
transducers  onto  tr.e  specimen;  and  a  16-bit  digital  oscilloscope 
(kicclet  r.ocel  4054  with  dual-channel  P-bit  pluL-in  m.cdel  41r’5» 
du_l  ai^k  recorder  model  XF-44/2  anc  i.avelorm.  Analysis  Peeke,  e) 
navir.t,  a  maximum  sampling  Irequency  of  50  EEz  (5C0  KHz  for 


repetitive  si^nai^), 


a  maximum  storage  capebilitj  cf  15.672  data 


points  per  trice,  ar.c  a  Fourier  transform  software  package 
capable  oi  handling  up  to  2,046  points  per  trace. 


Ixperiner. tai  Procedures 

Tne  lattice  as  sj.cwn  ir.  Fig.  1  is  suspended  freely  in  air 
via  two  thin  strings.  Two  transducers  ere  attached  to  the 
latt.ce  at  various  locations  using  the  cons  tan  t- force  springs  cr.  d 
are  coupled  tc  the  structure  via  the  transducer  specifier, 
interlace  ccuplant.  The  resulting  clamping  pressure  of  C.11  .'.Fa 
( 1  u  p s - )  or.  tne  transducer  is  approx i r  ate  1  y  equal  tc  ths 
seturation  pressure  which  is  defined  ir.  [5]  as  the  minimum 
transducer-specimen  interlace  pressure  which  results  in  the 
cax.cuit  enplitude  cf  the  output  signal,  all  ether  parareters 
being  neid  constant.  I urtherr ore  ,  the  orienteticn  of  each 
transducer  relative-  tc  tne  structural  members  cf  the  lattice  is 
maintained  throughout  to  avcic  ar.y  variations  that  cculc  be 
introduced  by  tne  directional  effects  cf  the  transducer 
piezcceramic  element. 

An  impulse  is  input  into  the  transmitting  trer.sducsr  via  the 
ultrasonic  puiser-rece iver .  The  signal  arriving  at  the  receiving 
transducer  is  recorded  on  a  13*3  cm  (5*25  in)  c.ameter  diskette 
using  a  sampling  frequency  cf  5  I.F-.z  and  15, f  7  2  data  points  per 
trace  . 

The  arrival  time  of  the  initial  output  wavs  signal  is  noted 
from  the  time  trace.  From  this  arrival  time  ar.d  the  shortest 
wave  ,au  length  between  tr.e  transmitting  ar.c  the  receiving 
transducers  tr.rougn  the  elements  of  the  lattice,  a  wave  speed  is 
calculates  for  tr.e  initial  wave  to  propagate  from  the 


transmitting  transducer  tc  the  receiving  transducer.  Also,  tr  -- 
frequency  spectrum  of  the  output  signal  is  obtained  via  the  Feat 
Fourier  Transform  (FFT),  employing  the  Fanning  window  provide  d  'ey 
the  Ficolet  V.aveforr.  Analysis  Package  using  2,045  points 
(initiated  at  tr.e  beginning  ci  the  output  wave  packet). 

Fig.  3  shows  locations  A  through  V  used  tc  locate  positions 
cr.  tne  lattice.  The  input  is  applied  at  locations  A,  L,  Vr  and 

v 

\'1  ,  ar.c  tne  output  is  recordec  at  all  the  remaining  locations  cr. 
tr.e  lattice. 

Cnaracteri  ratio r.  of  Input  Pulse 

Tne  input  impulse  (including  the  transducers  and  the 
electronic  equipment)  is  characterized  by  coupling  the 
transmitting  anc  receiving  transducers  directly  (face-to-face) 
witr.cut  tne  preser.ee  of  any  specimen.  when  the  receiving 
transducer  is  coupled  directly  tc  the  transmitting  transducer 
witr.cut  the  structure,  the  output  of  the  receiving  transducer  is 
as  ..hewn  m  rig.  4& •  The  corresponding  frequency  spectrum  is 
snown  ir.  Fig.  4b. 

Or.  tne  time  scale  being  used  in  these  experiments,  there  is 
r.o  cc.servac.lc  time  aelay  between  tr.e  input  anc  the  output  whe-r. 
tne  transducers  ere  coupled  face-tc-face  as  shown  in  Fig.  4a.  In 
tr.e  frequency  certain,  as  sr.own  in  Fig.  4b,  the  input  signal 
contains  a  bread  frequency  spectrum  from  zero  frequency  tc 
frequencies  greater  tnar.  C.5  KF  a . 


4ft" 
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h.  LSI  LIS  ALL  T I S  C  U  £  t  I  0  h  S 

i.  a  v  e  Speed 

Tr.e  neasurec  wave  speeds  lor  initial  wave  fronts  arriving  at 
various  output  location  s  for  various  in tut  locations  are 
sui:.:;.6iized  in  Table  1.  The  measureir:ent  error  of  the  wave  speed 
is  estimatec  to  te  less  than  2  percent . 

As  shewn  in  Tabs-  1,  the  wave  speed  ranges  from  4.53  kn/s 
(14,600  ft/s)  to  5. It  ki./'s  (17.CCG  ft/s).  The  longitudinal  wave 


oj  eed 

in 

an  aluninur:: 

roc  is  5.23  krn/s  (17,200  ft/ 

s) 

[6]. 

The 

shear 

wave 

s p e e c  in  a 

n  aluminum  rod  is  3*13  kr./s 

(10,300 

ft/s) 

t  7  J  . 

The 

flexural 

wave  speed  in  aluminum  bars 

of 

the 

cross 

sec-tier.  corresponding  to  that  of  the  lattice  depends  on  the 
Irtquencj  ar.c  is  tabulated  in  Table  2  [6j.  Thus,  the  measured 
wave  spec-i  appears  to  be  between  the  longitudinal  wave  speed  arc 
the  ilexural  wave  speed  if  a  frequency  of  greater  than  350  khz  ir 
consicereu  for  the  flexural  wave.  (The  longitudinal  enc  flexural 
wavelengths  at  550  khz  are  I.4C  cm  ( 0 . 5  Of  in)  arc  I.31  or.  (C.515 
in),  respectively.) 

hS  discusses  in  [b],  the  output  signal  contains  many  wave 
reflections  from  multiple  wave  paths  arriving  at  the  receiving 
trir.scucer. 

Output  t  reguer.cy  Spectrum 

As  discussed  in  [5],  tr.e  frequency  spectrum,  contains  many 
resonances  of  the  structure.  Tr.e  measured  frequencies  at  the 
maximum  er  plituc-.-  of  the  output  frequency  spectra  lor  w*  ves 


a  r r 1 v lug 


at  various  output  locations  for  various  input  locations 


are  su:,.ir.ari  zed  ir.  Table  3.  The  corresponding  measured  maximum 
anplitudes  of  the  output  frequency  spectre  for  waves  arriving  at 
various  ourput  locations  for  various  input  locations  are 

summer izea  ir.  fable  4. 

Iron  Table  3 ,  it  is  observed  that  the  frequency  at  the 
maximum  amplitude  of  the  output  spectrum  generally  occurs  between. 
353  k . : z  arc  450  khz.  The  exceptions  are  for  inputs  at  location  A 
with  corresponding  outputs  at  locations  S,T,U,V  and  inputs  at 
.Location  V  witn  corresponding  outputs  at  locations  A  ,  B  ,  C  ,  D  . 
Apparently,  for  the  most  distant  locations,  the  hit  i .  frequency 
components  arc  attenuated  end  tr:=  frequency  at  the  maximum 

amplituae  of  the  output  spectrum  is  lowered  to  approximately  115 
kHz. 

from  Table  4,  it  is  observed  that  the  maximum  amplitude  of 
the  output  spectrum  generally  decreases  with  increasing 
transmitter-receiver  distance,  except  for  the  first  five  beys. 
Fig. 5  snows  tr.e  logarithm  (base  1u)  of  the  maximum  amplitude  of 
tne  output  spectrum  plotted  versus  the  number  of  bay  widths  away 

from  the  input  for  inputs  at  locations  A,  L,  Vr  ar.d  V  .  Fore 

precisely,  tr.e  number  of  bay  widtns  away  is  cefined  as  the 
uistar.  os  separating  the  vertical  cross  sections  containing  the 
input  ana  output  locations,  normalized  witn  respect  to  the  bay 
wictn.  Bor  example,  ii  the  input  is  at  location  A,  locations  D 
ena  L  are  defined  as  tnree  bays  away. 

A  straight  line  is  drawn  tnreugn  the  110  date  points  in  fig .5 
using  linear  regression,  regardless  of  input  location,  except  for 
tne  lirst  Live  cays.  '.he  resulting  correlation  coefficient  in 
C.SIuu.  7 nus ,  it  appears  that  the  maximum  amplitude  of  the 


o  rat  r 


01  several  hunareds  of  khz,  the  predicted  attenuation 
ranges  iron  10"  neper/cm  (2.5x10"'  neper/in)  to  10  neper/cir 
(2.5x10  neper/in)  .  Thus,  it  appears  that  the  attenuation 
increases  significantly  with  frequency. 

Observe tion  of  Reciprocity 

As  discussed  ir.  [ 8 ]  ,  froc  Tables  1,  3  arc  4,  it  is  observed 
th-t  wren  the  input  ana  output  locations  ore  in terchangec ,  the 
results  are  very  similar. 

Table  5  shows  various  comparisons  of  wave  propagation 
characteristics  between  tne  5-bay  and  22-bey  planar  lattices. 


COKCLUSIOhf  AhL  P.LCChlihl.T  AT  IOl.S 

have  propaga  ticn  characieristics  of  ar  aluminum  22-bay 
planar  lattice  structure  have  been  considered .  Twc  ultrasonic 
piezoceramic  longitucina 1  transducers  were  mounted  at  various 
locations  cn  the  structure.  have  mea surer.er.ts  were  obtained  by 
injecting  an  impulsive  load  via  the  transmitting  transducer  and 
recording  the  response  via  the  receiving  transducer.  The  waves 
injected  into  tne  structure  were  longitudinal  waves  transverse  to 
the  surface  although  a  complex  stress  distribution,  described  by 
airectivity  functions,  was  actually  realized  [10],  The  impulsive 
loauinL  signal  had  a  broea  frequency  spectrum  containing 
frequencies  greater  than  0.5  Khz. 

Basea  or.  the  results  cf  this  study,  the  follcwir.g 
ccnclusior.s  car.  be  made: 

(1)  The  measured  wave  speed  for  initial  weve  arrivals  ranges 
from  -,.53  km/s  (14,60C  ft/s)  to  5.ie  km/s  (17,000  ft/s), 
which  is  between  the  longitudinal  wave  speed  and  the 
flexural  wave  Epeed  for  flexural  waves  of  frequencies 
greater  than  350  kHz. 

(2)  The  output  signal  contains  many  ..eve  reflections  from 
multiple  wave  paths  arriving  at  the  receiving-;  transducer. 

(3)  Tne  measured  frequency  at  the  maximum  amplitude  cf  the 
output  frequency  spectrum  generally  occurs  between  353  khz 
ana  .,50  khz. 

(4;  Tr.e  measured  maximum  amplitude  of  the  output  frequercy 
spectrum  decreases  logarithmically  with  increasing  number  of 
lattice  says  a way  from  the  input  location,  regardless  cf 


input  location  on  the  structure,  except  for  the  first  five 
bay  s  , 

( 5  )  In  accordance  with  the  preceding;  conclusion,  an  attenuatior 
of  tr.e  maximum  amplitude  of  the  output  spectrum  can  be 
defined  fcr  LSS  basec  or.  tr.e  number  cf  lattice  bays  away 
from  the  input.  This  attenuation  nay  be  convenient  fcr  the 
design  01  L££  because  it  is  based  or.  a  natural  unit  of  the 
L££ ,  r.acely,  the  lattice  bay.  For  the  planar  lattice 
considered,  this  attenuation  is  found  to  be  C.065  neper 
per  bay. 

(t)  «s  discussed  in  [s] ,  reciprocity  between  input  and  output 
is  ebservee  experimentally. 

Based  on  the  results  cf  this  study,  the  following 
reccm.ii  er.aa  tior.s  can  be  r.aae: 

(l;  Tr.is  experimental  study  should  be  extended  to  3-dirensior.a  1 
lattice  structures  such  as  tetrahedral  trusses. 

(2)  Scaling  laws  for  otr.er  structural  sizes,  geometries, 
frequencies  and  materials  enould  be  developed;  and  the 
effects  cf  joints  on  suer,  scaling  laws  snculd  be  delineated. 

(3)  Tne  valieity  of  the  attenueticx.  of  the  maximum  amplitude  of 
tne  output  spectrum  defined  tasec  on  the  number  cf  bays  away 
from  the  input  regardless  01  tr.e  input  location  in  the  LSS 
should  be  verified  by  considering  other  lattice  structures. 

(4)  Tne  effects  of  boundaries,  lattice  member  connectivities, 
and  structural  defects  on  tne  wave  speed,  the  frequency  at 
tne  maximum  amplitude  of  the  output  frequency  spectrum,  end 
tne  attenuatior.  of  the  maximum  amplitude  cf  the  output 
spectrum  per  bay  snculd  be  considered. 


( 5  )  The  measured  initial  wave  speed  appears  tc  be  between 


the 


longitudinal 

wave 

speed  and 

the 

flexural  wave  speed. 

The 

exact 

nature 

cf 

the  wave 

mode  transmission  should 

be 

invest 

igatea . 

Tne 

pcssibili 

ty 

of  wave  mode  conversion 

for 

waves 

propagating 

through  a 

II  If 

or  "L "  joint  should  net 

be 

excluded . 

(t)  The  possibility  of  a  decrease  in  the  frequency  at  the 
maximum  amplituce  cf  the  output  spectrum  as  the  signal 
propagates  should  te  in ves toga  ted .  It's  effect  on  the 
attenuation  of  tne  maximum  amplitude  of  the  output  spectrum 
per  lattice  bay  should  also  be  considered. 

(7)  lor  the  22-bay  lattice,  at  the  frequencies  considered,  the 
measured  attenuation  of  the  maximum  amplitude  of  the  output 
spectrum  per  bay  happens  to  correspond  closely  to  the 
longitudinal  attenuation  in  bulk  aluminum.  The  exact  nature 
cf  this  attenuation  should  be  investigated. 

(£)  Reciprocity  between  the  input  and  the  output  has  beer, 
observed  qualitatively.  However,  quantitative  measures  cf 
reciprocity  should  be  developed. 

(SO  Analytical  efforts  for  predicting  the  output  signal  measured 
from  tne  planar  lattice  should  be  undertaker.  [12-15]  . 
Pr’haps  the  analytical  skill  so  developed  could  be  extended 
to  tetter  understand  wave  propagation  ir.  three-dimensional 
LSS .  Perhaps,  statistical  energ}  analysis  (2EA)  or  pattern 
recognition  tecnniques  snould  also  be  considered  ir.  this 
reba i d  . 

Ir.  conclusion  ,  this  experimental  study  demonstrates  that 
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wave  preparation  characteristics  cf  a  lattice  structure  can  te 
cotair.ec.  In  particular,  tne  wave  speea,  tne  frecuer.cy  at  the 
maximum  amplitude  of  the  output  spectrum,  anc  the  attenuation  of 
the  maximum  amplitude  of  the  output  spectrum  per  lattice  Lay 
appear  to  be  useful  parameters  for  the  characterization  of  wave 
propagation  properties  of  LSh. 
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TnbLL  1 


Summary  of  Leasurec  Wave  Speeds  for  Initial  Waves 
Arriving  as  Various  Output  Locations  lor  Various  Input 
Locations . 
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TALLL  1  (Continued)  Sumary  of  lieeaurei  Wave  Speeds  for  Ir. j 

Caves  Arriving  at  Vericus  Output  Local 
fcr  Various  Input  Locations. 
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TABLE  2 


Calculated  Flexural  Wave  Speed  in  Aluminum  Bara  of 
Cross  Section  Corresponding  to  That  of  Lattice  at 
Various  Frequencies  [6,  page  143]  • 
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ALLi.  3  ( Continued)  Summary  of  Neasured  frequencies  at  l.axir  uc 

Amplituae  c:  Output  frequency  Spectra  fcr 
i .eves  Arriving  at  Various  Output  Locations 
for  Various  Input  Location. 
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laLLiu  2  (Continues)  Suu.iar>  of  Measured  Frequer  cier  at  F-axirur 

Ar.plitu.de  of  output  Frequency  Spectre  for 
Laves  Arriving  at  Variour  Output  Locations 
for  Various  Input  Locaticr.  . 
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